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Abstract 
The resitivity change of ultra thin metals under air exposure is used for vacuum or inert gas packaging control. In order to reach 
low cost, single use applications, few nm thin Aluminum layers were deposited on PET substrates and combined with wireless 
electronic readout circuitry.  
The sensor respose is characterized by resistance changes and explained in terms of multiphase diffusion mechanisms which are 
very sensitive to technological parameters. 
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1. Motivation 
Vacuum and protective gas packages are very common but monitoring their functionality is still a demand. To 
detect an air-inleakage of the outer atmosphere to the inside we have developed and studied low cost oxygen sensors 
suitable for single event detection and RFID readout based on ultra thin metal films. 
Ultra thin metal films are used, e.g., as barriers formed by natural oxidation of metals [1]. Especially anodization 
is a common technique, generating a hard oxide layer on the metal surface firmly connected to the bulk Aluminum. 
The application as thin insulators, mainly for organic transistors is state of the art [2]. Furthermore studies exist on 
the conductivity and resistivity of ultra thin metal films [3,4]. Our sensing approach is the conductivity change under 
native oxidation. A suitable design, technology and handling procedures were developed.  
To realize a low cost concept of the sensor simple rectangle structures were deposited on the polymer substrates 
using a shadow mask. After that the sensors were transferred into an inert gas environment for measuring the 
electrical properties. During this the sensors were exposed to oxygen for about two minutes before they could be 
characterized. For the description of an oxide growth several models are available, for growing silicon oxide [5], 
growing porous anodic Alumina[6]or self-coordinated growth of single crystal of sapphire[7]. However they do not 
comply the experimental data. 
2. Model setup 
The model survey states that none of them describes the natural growth of an oxide layer on Aluminium under 
normal conditions. For that reason a new mathematical model for the growth of Alumina on Aluminium is proposed. 
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Based on the measurements and the physical processes during the oxidation two different processes of oxide growth 
have to be included in the model (cf. fig. 1). The first section shows a strong increase which is related to a planar 
indiffusion of oxygen in the surface of Aluminium (fig. 2a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Stages of oxidation during the exposure time to air. 
After this the first rapid growth shades into a second moderate one mathematically realized by abort criterion the 
first growth coefficient have been included (error function). This first section of the oxidation is described by 
)(1 nterfk ⋅⋅ . Subsequent to the oxidation of the surface the grain boundary diffusion and therefore the grain 
boundary oxidation gets the dominating process of growing natural Alumina (shown in fig. 2b). Because of the 
smaller diffusion coefficient of oxygen through the grain boundaries the rise of the second section in oxidation is a 
moderate one. The coefficient for the second section is tk ⋅2 . As both processes take place at the same time but 
one may be dominating at several times, the whole equation simply of the model is due to equation (1). 
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The square roots over both terms establish a correlation between the growth coefficients and the diffusion 
coefficients. 
Using Ohm’s law and several geometric parameter a transformation of the grown oxide thickness d(t) to a time 
dependant resistance R(t) is possible (eq. 2). 
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Fig. 2: a) Cross section of the realised sensors and mechanism of planar indiffusion of oxygen. b) Top view of the sensor and mechanism of the 
diffusion of oxygen along the grain boundaries in Al. 
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3. Principle and manufacturing of the sensors 
The physical principle of the oxygen sensor is the oxidation of a reactive material (sensing layer) where the 
conducting cross section of the sensing film decreases and hence the resistance R(t) rises.  
Resulting from the dependences of times a response within few hours should be accomplished, materials with a 
high reacting potential are needed. Aluminium is chosen as one of these materials forming a hard and stable oxide 
layer when exposed to oxygen. 
The sensors were manufactured by electron beam evaporation of metals on flexible polymer substrates. The 
polymer films (PET 23µm) were brought into a fixture to handle the substrates like silicon wafers. Simple rectangle 
structures were generated by shadow mask technique. Before that a copper layer was coated on both ends of the 
rectangle sensor structures for better conductance and better handling for recording the resistance of the sensors, 
even enabling for soldering flexible cables onto the sensors. After this step layers of 6 to 9 nm Aluminium with a 
rate of 5-10Å/s was deposited onto the copper ends at pressures of 3-5*10-6mbar. 
4. Measurements and results 
As it is impossible to measure the growing oxide layer in nanometer scale directly the resistance change R(t) of 
the manufactured sensors was recorded and evaluated as shown in figure 3. The two time dependency sections of the 
sensor when exposed to oxygen can be seen well. To get the thickness of the oxide layer Ohm’s law and the 
geometrical dimension of the deposited sensing layer were needed. After transforming the resistance change into a 
decrease of the conduction cross section a comparison of the model and the measurement was possible. 
 
 
Fig. 3: Resistance change over exposure time for various thicknesses  Fig. 4: Comparison of measured and calculated growing of          
of Aluminium on a 23µm PET polymer substrate.   oxide on Aluminium layer with a reducing conductive cross 
       section versus the exposure time to oxygen. 
 
Figure 4 shows the comparison of a modeled (straight line) and a measured (dot line) sensor response expressed 
by the reducing of the conductive cross section of the sensing layer. There is a deviation in the crossover from the 
first rapid section of growing dominated by the planar indiffusion of oxygen and oxidation of the Aluminium 
surface to the second moderate one which is dominated by the grain boundary diffusion and oxidation. In nature 
both processes take place all over the time of oxide forming even when the dominating process changes to another. 
Mathematically the crossover process is difficult to describe but the absolute deviation is less than half a nanometer 
for only a small section of time considered on the whole growth.  
For the first section of oxidation a value for the growing coefficient of oxygen through Aluminium of 2.25*10-
16m² were calculated being consistent to literature value of 3.5*10-16m²/s for the diffusion coefficient [8]. 
After 10.000 sec the resistance change gets nearly linear. In this section the dominating process is the diffusion 
along grain boundaries, reflecting by a value of 2*10-23m²/s for the growing coefficient. The coefficient of the grain 
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 boundary diffusion in Al is about 10-6 times smaller than the diffusion coefficient at the surface [9] and corresponds 
to our calculated value.  
Additionally, figure 3 shows some influence of the layer thickness on the electrical parameters. As shown in 
figure 5, the conductivity of aluminium below a critical thickness of around 20 monolayers drops far below the 
value of 37.7*106 S/m given for bulk aluminium. Possibly that effect results from electron scattering out interfaces 
which similarly was analyzed for thin Gold layers by Munoz [10]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Influence of the layer thickness on the electrical parameters in ultra thin Aluminium layers. 
5. Summary 
It is proven that ultra thin metal layers are suitable for single-use vacuum surveillance. According to the physical 
principles of surface oxidation and subsequent grain boundary effects, an oxygen pressure dependence of resitivities 
may be used for sensing which is valid for distinct periods of time. However, the influence of technical parameters 
is obvious and still a challenge. Although the literature values available comply with our modeling of experimental 
data more fundamental research needs to be done, especially on grain boundary processes in combination with 
flexible, oxygen permeable polymer substrates. 
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